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h (x, y, t) = η (x, y, t) − b (x, y, t)
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b (x, y) ≤ z ≤ η (x, y, t) }.
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tˆ = t, xˆ = x, yˆ = y
!#1A
zˆ = σ (x, y, z, t) ,
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σ (x, y, zˆ, t)
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σ(x, y, η(x, y, t), t) = 1
σ(x, y, b(x, y, t), t) = 0 ∀ (x, y, t) ∈ ω × I.
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Ωˆ = { xˆ = (xˆ, yˆ, zˆ) / (xˆ, yˆ) ∈ ω
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0 ≤ zˆ ≤ 1 }.
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Aˆt : Ωˆ −→ Ωt, x(xˆ, t) = Aˆt(xˆ)
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x = xˆ, y = yˆ
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z = Z (x, y, zˆ, t) ,
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Z (x, y, zˆ, t)
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Z(x, y, 0, t) = η(x, y, t), ∀ (x, y, t) ∈ ω × I,
Z(x, y, 1, t) = b(x, y, t).
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xˆ = A−1t (x).
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{
Z(x, y, 0, t) = η(x, y, t),
Z(x, y, 1, t) = b(x, y, t), ∀ (x, y, t) ∈ ω × I.
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0 = zˆ1 < . . . < zˆk < . . . < zˆNl = 1.
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k = 1, . . . , (Nl − 1)
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∆zˆk+1/2 = zˆk+1 − zˆk
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Z (x, y, zˆ, t)
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ω × [zˆk, zˆk+1]× I
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Zk+1/2 (x, y, zˆ, t) =
∆zk+1/2(x, y, t)
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(zˆ − zˆk) + zk (x, y, t) ,
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zk (x, y, t)
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∆zk+1/2 (x, y, t) = zk+1 (x, y, t)−
zk (x, y, t)
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{zk (x, y, t) / k = 1, . . . , Nl}
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(x, y, t) ∈ ω × I
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z1 (x, y, t) = bh (x, y, t) ,
zNl (x, y, t) = hh (x, y, t) ,
zk+1 (x, y, t)− zk (x, y, t) ≥ hmin > 0 ∀k ∈ [1, Nl − 1],
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Aˆh,t : Ωˆ −→ Ωh,t, x(xˆ, t) = Aˆh,t(xˆ)
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x = xˆ, y = yˆ
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z = Zh (x, y, zˆ, t) ,
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Zh (x, y, zˆ, t)
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k = 1, . . . , (Nl − 1)
zk (x, y, t) = hh (x, y, t) zˆk + bh (x, y, t)
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Zh (x, y, t)
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zk (x, y, t) =
(
z4 − bh (x, y, t)
zˆ4
)
zˆk + bh (x, y, t)
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1 ≤ k < 4,
z4 (x, y, t) = c4,
z5 (x, y, t) = c5,
zk (x, y, t) =
(
ηh (x, y, t)− z5
1− zˆ5
)
(zˆk − zˆ5) + z5
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5 < k ≤ 7,
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k = 1, . . . , (Nl − 1)
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   (t)= η
Ω(t)Ω
1
z4
0
z7 
z1 = b(t)
z5
z4
z5 Ah,t
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k = 1, . . . , (Nl − 1)
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Jˆh (x, y, zˆ, t) =
∂Zk+1/2
∂zˆ
(x, y, zˆ, t) =
∆zk+1/2 (x, y, t)
∆zˆk+1/2
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ω × [zˆk, zˆk+1], ∀ t ∈ I .
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Jˆk+1/2 (x, y, t) =
∆zk+1/2 (x, y, t)
∆zˆk+1/2
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ω, ∀t ∈ I .
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ψh : Ωh,t −→ R
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∫
Ωh,t
ψh dx =
∫
Ωˆ
Jˆh,t ψˆh dxˆ
=
∑
k=1,...,Nl−1
∫
lˆk+1/2
Jˆk+1/2 (x, y, t) ψˆh (x, y, zˆ) dxˆ
=
∑
k=1,...,Nl−1
∫
ω
Jˆk+1/2 (x, y, t)
(∫ zˆk+1
zˆk
ψˆh (x, y, zˆ, t) dzˆ
)
dω .
81$xE3!#6>01$x-#+)ﬁﬀﬃﬂ8ALﬀﬃﬂ</'&<$'<$  G!3/:-3^ﬁﬀ7!#ZAﬁ$'<$'&B{ﬀ>"!#W@/<"!#&U!3/'<$'&ﬀ>=$:ﬂ51$x"!#&ﬀﬃ/'0ﬁ67!#&5&U!#1ﬂM+}-3&BC!#ﬀﬃ-3
Aﬁ$A11$:Anﬀ>p$=!3/<?[&ﬀﬃAn$'6ﬃ$'BD$'G4!#1Ap!#$=!3/Upﬀ>BD$Dﬂ<$'2Rv!#ﬁ%$=!#&<ﬂlﬀ>n1$CALﬀﬃﬂ</'&<$'<${/:-30ﬁG<$'&"!#&4-#+
1$$:VW0"!#ﬀﬃ-31ﬂQAL&ﬀ>EWﬀ>ﬁ?C1$PO"-=((51$'d(5&ﬀ><$'dﬀ>y1$l&<$J+}$'&<$'1/:$/:-3@1?[0ﬁ&U!#ﬀﬃ-32R
   5
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
     #ﬀp +"    ﬂl$"

81$Q?F$'1$'&U!#6ﬂﬀ>?[BC!IK/:--3&<ALﬀ>"!#<$@ﬂ9Lﬂ<$'Bﬀ>W&<-WAL01/:$:A|ﬁ&<$'EWﬀﬃ-301ﬂ<6>9`"!3ﬂ,^%$:$'Dﬀ>B{ﬁ6ﬃ$'BD$'W<$:ACﬀ>{1$1ﬁﬀ><$JI
$'6ﬃ$'BD$'WMIN^"!3ﬂ<$:As]Xﬁ&<$:$JIKALﬀ>BD$'1ﬂﬀﬃ-3"!#6P+t&<$:$ﬂ0ﬁ&M+N!3/:$ZO"-( ﬂ<-36>EF$'&)$'6ﬃ$'BC!3/JI
3
Ah>i=kK]5ﬀ>Ł-3&<Aﬁ$'&<-o!#6>6ﬃ-=(
BD-3&<$|O"$JYLﬀ>^ﬁﬀ>6>ﬀ>K9oﬀ>o1$/<1-3ﬀﬃ/:$-#+@1$-3ﬁﬀ>BC!#68EF$'&ﬀﬃ/=!#65Aﬁ-3BC!#ﬀ>	ALﬀﬃﬂ</'&<$'ﬀ>!#ﬀﬃ-32Rpoﬁﬀﬃﬂ467!3ﬂ4"!#&
-#+w1$;"!#%$'&X(*$4!#ﬀ>B <-Cﬂ<1-=( G0ﬁBD$'&ﬀﬃ/=!#6>6>9dﬂ<-3BD$4!3ALE3!#WU!#?F$:ﬂP-#+wﬁﬀﬃﬂQ1$'(/:-W-3&<ALﬀ>"!#<$`ﬂ9ﬂ<<$'BZR	1-3&
ﬁﬀﬃﬂﬁ0ﬁ&%-[ﬂ<$v(T${ﬁ&<$:ﬂ<$'Wﬁ&<$:${<$:ﬂ/=!3ﬂ<$:ﬂ]m+.-3&l(5ﬁﬀﬃ/Up(*$C/:-3B{"!#&<$D1$v&<$:ﬂ0ﬁ6><ﬂ-3^ﬁU!#ﬀ>1$:Ap(5ﬀ>p1$
 $'6ﬃ$'BC!3/JI
3
Adﬂ9Lﬂ<$'B 01ﬂﬀ>ﬁ?{ALﬀrqs$'&<$'GQ?[&ﬀﬃAﬁﬂ=RTS-3BD$l-#+ 1-[ﬂ<$P?[&ﬀﬃAﬁﬂQ/=!#y^m$lAﬁ$A11$:A01ﬂﬀ>ﬁ?{1$l/'67!3ﬂ<ﬂ<ﬀﬃ/=!#6
ﬂ<ﬀ>?[BC!v&U!#1ﬂM+}-3&BC!#ﬀﬃ-32]"-31$'&<ﬂ5B`01ﬂQ^m$lAﬁ$A11$:AZ01ﬂﬀ>ﬁ?{1$l?F$'1$'&U!#6>ﬀ>=$:AdEF$'&<ﬂﬀﬃ-32R
 -0/  =  8	 = / =6& 4 ﬃ 2 	  4 8	ﬂ 4
 6(406ﬃ	 	6&476  $&	 406
p$/:-31ﬂﬀﬃAﬁ$'&Z!#?G!#ﬀ> 1$z<$:ﬂ-#+;1$ﬂU!#1ALﬀ>ﬁ?^"!3ﬂﬀ> (5ﬀ>!oAﬁ$'1ﬂﬀ>9ﬂ&U!#ﬀ"/=!#ﬀﬃ-3ﬁ&<$:ﬂ<$'W<$:A ﬀ>
ﬂU$:/'ﬀﬃ-3{LRjLR p$T1-=(m$'&M+.-3&B 1$8ﬂU!#BD$*ﬂ<ﬀ>B;0ﬁ67!#ﬀﬃ-3D-3D!Q?[&ﬀﬃAv-3^ﬁU!#ﬀ>1$:A401ﬂﬀ>ﬁ?P1$*?F$'1$'&U!#6>ﬀ>=$:A{ﬂﬀ>?[BC!
&U!#1ﬂ+.-3&BC!#ﬀﬃ-32RH ﬂﬀ>6>6G/:-30ﬁW<ﬂf1$,ﬂU!#BD$,G0ﬁB;^m$'&H-#+16ﬃ$'EF$'6ﬃﬂ=]
11
]#^ﬁ0ﬁ 1$'9;!#&<$,ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁ<$:A4ALﬀrqm$'&<$'W6>9 
! ﬁYﬁ$:ACﬁ67!#1$xﬀﬃﬂ*ﬀ>B{%-[ﬂ<$:A$JY1!3/'6>9|!#*1$X1$'ﬀ>?[G5-#+)1$xﬂ&U!#ﬀ"/=!#ﬀﬃ-32]1!#1A!1-3BD-3?F$'1$:-301ﬂ5/'67!3ﬂUﬂﬀﬃ/=!#6
ﬂ<ﬀ>?[BC!&U!#1ﬂM+.-3&BC!#ﬀﬃ-3oﬀﬃﬂl-3%$'&U!#<$:Apﬀ>n^%-3n1$v6ﬃ-(*$'&4!#1A1$v0ﬁﬁm$'&l"!#&<ﬂ;-#+T1$v^"!3ﬂﬀ>2R 	fﬀ>?[0ﬁ&<$
i |ﬂ1-(QﬂX6ﬃ$J+.@1$`&<$:ﬂ0ﬁ6>ﬀ>ﬁ?BD$:ﬂ!#1Ad&ﬀ>?[Wx1$4Aﬁ$'1ﬂﬀ>9dALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3n-3^ﬁU!#ﬀ>1$:An!+t<$'&
100
ﬂ<$:/:-31Aﬁﬂ
(5ﬀ>dﬁﬀﬃﬂ5BD$:ﬂ2R
z(m)
-200
-150
-100
-50
0
x(m)0 100 200 300 400 500
	fﬀ>?[0ﬁ&<$zi   l$'1$'&U!#6>ﬀ>=$:AIKﬂﬀ>?[BC!&U!#1ﬂM+.-3&BC!#ﬀﬃ-3BD$:ﬂ ct6ﬃ$J+te;!#1AAﬁ$'1ﬂﬀ>9pALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3ct&ﬀ>?[Ge;-3^LI
U!#ﬀ>1$:A!#
t = 100
ﬂ=R w$'&ﬀﬃ/=!#6f/'&<-[ﬂ<ﬂMIKﬂ<$:/'ﬀﬃ-31ﬂX!#
y = 50
BZR
p$d-3^1ﬂ<$'&EF$y"!#|1$Zﬂ&U!#ﬀ"/=!#ﬀﬃ-3ŁﬀﬃﬂD0ﬁﬁm$'&0ﬁ&^%$:AsRŁ!3AﬁALﬀ>ﬀﬃ-32] 1?[0ﬁ&<$i=nﬂ<1-=(Qﬂ|"!#D1-
ﬂ<ﬁ0ﬁ&ﬀﬃ-301ﬂ{EF$'6ﬃ-W/'ﬀ>ﬀﬃ$:ﬂD"!:EF$d!#ﬁm$=!#&<$:As]*$'EF$'~!+.<$'&
1000
ﬂ<$:/:-31Aﬁﬂ=R8G01ﬂ=]*1$y$:VW0ﬁﬀ>6>ﬀ>^ﬁ&ﬀ>0ﬁB "!3ﬂv^%$:$'
/:-3B{ﬁ6ﬃ$'<$'6>9nﬁ&<$:ﬂU$'&EF$:AsR|8ﬁﬀﬃﬂ`ﬂ1-=(Qﬂ;"!# ﬁYL$:Apﬁ67!#1$:ﬂ;/=!#p1$'6>p<-Z&<$'ﬁ&<-WAL01/:$!3/:/'0ﬁ&U!#<$'6>9pAﬁ$'1ﬂﬀ>K9
ﬂ<&U!#ﬀ"/=!#ﬀﬃ-31ﬂ=R

+m/:-30ﬁ&<ﬂ<$Qﬁﬀﬃﬂwﬂ<-36>0ﬁﬀﬃ-3{ﬀﬃﬂñ¶ëý/éûXﬂﬀ>1/:$81$8BD$:ﬂ 1<ﬂ,$JYﬁ!3/'6>94<-P1$Qﬂ"!#m$5-#+1$Qﬂ<&U!#ﬀ"/=!#ﬀﬃ-32R
x$'EF$'&1$'6ﬃ$:ﬂ<ﬂ=]ﬀ>ﬂ<-3BD$ﬁ&U!3/'ﬀﬃ/=!#6w!#ﬁﬁ6>ﬀﬃ/=!#ﬀﬃ-31ﬂ=]%ﬁﬀﬃﬂxﬂ"!#%$4!#1AZﬀ><ﬂXﬀ>BD$`$'EF-36>0ﬁﬀﬃ-3BC!=9y^%$;W1-(52]
!#86ﬃ$=!3ﬂQ!#ﬁﬁ&<-=Yﬀ>BC!#<$'6>9FR*Kﬂ01/<y/=!3ﬂ<$:ﬂ]W1$P\x_2a*SD+}-3&B;0ﬁ67!#ﬀﬃ-3!#6>6ﬃ-(Qﬂ8<-v!3A1!#ﬁ81$xBD$:ﬂﬀ>y-3&<Aﬁ$'&
<-;&<$'ﬁ&<-WAL01/:$P!3/:/'0ﬁ&U!#<$'6>9D1$Xﬂ&U!#ﬀ"/=!#ﬀﬃ-32]?F$'ﬀ>ﬁ?`&ﬀﬃA|-#+sﬂ<&<-3ﬁ?4ﬂﬁ0ﬁ&ﬀﬃ-301ﬂTALﬀrqm01ﬂﬀﬃ-3|-3^ﬁU!#ﬀ>1$:A|(5ﬀ>
1$;/'67!3ﬂ<ﬂﬀﬃ/=!#6)ﬂﬀ>?[BC!4&U!#1ﬂ+.-3&BC!#ﬀﬃ-3<$:/<ﬁﬁﬀﬃVW01$[R
 - ,  = 8	 = , 	
	 =8  4
 6  	*:	  4	 =  2 	?8@=2 476 	
3 
89;   =  $&	 406 " 4  	
 	6&<406  " 		 = -
yﬁﬀﬃﬂ8<$:ﬂQ/=!3ﬂ<$P(T$!#ﬀ>B <-v&<$'EF$=!#6s1$!#B{ﬁ6>ﬀ"/=!#ﬀﬃ-3-#+f1$PG0ﬁBD$'&ﬀﬃ/=!#6 ALﬀrqm01ﬂﬀﬃ-3ZAL01$P<-v1$PBD-EF$JI
BD$'W4-#+51$CBD$:ﬂ2]f!#1Aoﬂ1-=( "!#;ﬀ>`ﬀﬃﬂm-[ﬂ<ﬂﬀ>^ﬁ6ﬃ${<-dB{ﬀ>ﬁﬀ>B{ﬀ>=$Cﬁﬀﬃﬂ;ﬁ1$'1-3BD$'1-3^W9 ﬁYﬀ>ﬁ?zﬂ<-3BD$
   
÷

æTû0éæWô*æ

	 
æWêæTñ[ú
	fﬀ>?[0ﬁ&<${i= b8ﬀ>BD$l$'EF-36>0ﬁﬀﬃ-3d-#+ 1$l$'&&<-3&
Eh
ﬀ>1$l/=!3ﬂU$x-#+w!#ﬀ>ﬁﬀ>ﬀ7!#621-3&ﬀ>=-3GU!#6 Aﬁ$'1ﬂﬀ>K9ﬂ&U!#ﬀ"/=!I
ﬀﬃ-32R
"!#&ﬀﬃ/'0ﬁ67!#&@=-31$:ﬂQ-#+H1$lBD$:ﬂ2R
	1-3&CﬁﬀﬃﬂCﬁ0ﬁ&%-[ﬂU$y(*$/:-31ﬂﬀﬃAﬁ$'&C1$Z/=!3ﬂU$Z-#+l1$ZﬂU!#1ALﬀ>ﬁ?(8!:EF$ﬀ>!n/'6ﬃ-[ﬂ<$:A^"!3ﬂﬀ>2R81$ZO10ﬁﬀﬃA	ﬀﬃﬂ
ﬀ>GEﬀﬃﬂ</'ﬀﬃAs]2!#1An!D"!3ﬂUﬂﬀ>EF$4&U!3/:$'&@gy(5ﬁﬀﬃ/<n"!3ﬂx1-ﬀ>LO101$'1/:${-3z1$`W9AL&<-AL9"!#B{ﬀﬃ/:ﬂl-#+,1$`O10ﬁﬀﬃAZgyﬀﬃﬂ
!3ALEF$:/'<$:A{^G9v1$TO"-(Rb\~/'6ﬃ-[ﬂ<$:ADﬂUVG0"!#&<$8^"!3ﬂﬀ>{(5ﬀ>|ﬂﬀﬃAﬁ$
L
!#1Av(5ﬀ>|!P/:-31ﬂU!#Ww^m-3<-3B !#
z = −H
ﬀﬃﬂw/:-31ﬂﬀﬃAﬁ$'&<$:As]W(51$'&<$
H
ﬀﬃﬂw1$Q$:VG0ﬁﬀ>6>ﬀ>^ﬁ&ﬀ>0ﬁB (T!#<$'&TAﬁ$'ﬁ2RfD-3&<Aﬁ$'&,<-l/:-31/:$'W&U!#<$X-3C1$@!3ALEF$:/'ﬀﬃ-3
-#+T1$D&U!3/:$'&=])(T${ﬀ>B{%-[ﬂU$v1$C!#"!#6>9Wﬀﬃ/=!#6Tﬂ<-36>0ﬁﬀﬃ-3-#+81$vO"-=(] ﬁ&<-=EﬀﬃAﬁ$:An^W9z1$CﬂBC!#6>6*!#B{ﬁ6>ﬀ>01Aﬁ$
(T!=EF$|1$:-3&9+}-3&;1$C6>ﬀ>1$=!#&4$:VW0"!#ﬀﬃ-31ﬂgﬂ<$:$D+.-3&`ﬀ>1ﬂU!#1/:$h>i=kKRd81$|!#"!#6>9ﬀﬃ/D+.&<$:$JIKﬂ0ﬁ&M+N!3/:$Dﬁ&<- 16ﬃ$
!#1AO10ﬁﬀﬃAyEF$'6ﬃ-/'ﬀ>ﬀﬃ$:ﬂ@!#&<$Aﬁ$A11$:Az!3ﬂ8+.-36>6ﬃ-(Qﬂ 


η = η0 cos (kpix) cos (ωt) ,
u = ω η0
cosh (kpi(z +H))
sinh (kpiH)
sin (kpix) sin (ωt) ,
v = 0 ,
w = −ω η0
sinh (kpi(z +H))
sinh (kpiH)
cos (kpix) sin (ωt) ,
cGjFe
(5ﬀ>
ω2 = g k tanh (kH)
])(51$'&<$
η0 = 0.2
ﬀﬃﬂ1$!#B{ﬁ6>ﬀ>01Aﬁ$|-#+81$D(8!:EF$!#1A
k = 1/L
1${+t&<$JI
VG01$'1/'9FR,81$;!#"!#6>9Wﬀﬃ/=!#6)(T!#<$'&XAﬁ$'ﬁdﬁ&<- 16ﬃ$;!#
x = 0
B ﬀﬃﬂQ&<$'ﬁ&<$:ﬂ<$'G<$:Adﬀ> 	 ﬀ>?[0ﬁ&<$CiR
\8Q1$;ﬀ>ﬁﬀ>ﬀ7!#6)ﬀ>BD$[]11$&U!3/:$'&
T
ﬀﬃﬂXﬂ&U!#ﬀ"$:A!#6ﬃ-3ﬁ?|1$lEF$'&ﬀﬃ/=!#6 ,ﬀ><ﬂX/:-31/:$'G&U!#ﬀﬃ-3
c
ﬀﬃﬂ@$:VW0"!#6
<-
4
ﬀr+
z ≥ −4.5
BZ]s!#1AZﬀ>XﬀﬃﬂX$:VW0"!#6 <-
2
ﬀr+
z < −4.5
BZR p$;$'B{ﬁ"!3ﬂ<ﬀ>=$`1$+}!3/'X"!#X1$'&<$`ﬀﬃﬂX1-
ALﬀrq%01ﬂ<ﬀﬃ-3-3d1$&U!3/:$'&=]-3ﬁ6>9d!3ALEF$:/'ﬀﬃ-32R581$;%$'&0ﬁ&^"!#ﬀﬃ-3-#+b1$;ﬂ&U!#ﬀ"/=!#ﬀﬃ-3ﬂ1-30ﬁ6ﬃAZ1$'&<$J+}-3&<$
1-3,^m$567!#&?F$'&,"!#|1$Q(8!:EF$P!#B{ﬁ6>ﬀ>01Aﬁ$X-#+s1$5O"-(Rb\ 1&<ﬂ*ﬂﬀ>B`0ﬁ67!#ﬀﬃ-3|ﬀﬃﬂ,%$'&M+}-3&BD$:AC-3C1$Qﬁ&<$:$JI
ALﬀ>BD$'1ﬂﬀﬃ-3"!#6ﬁ?[&ﬀﬃA4&<$'ﬁ&<$:ﬂ<$'G<$:Av6ﬃ$J+.Hﬀ> 	 ﬀ>?[0ﬁ&<$Pi L][-3^ﬁU!#ﬀ>1$:Av01ﬂﬀ>ﬁ?P1$8/'67!3ﬂ<ﬂﬀﬃ/=!#6ﬁﬂﬀ>?[BC!X&U!#1ﬂM+}-3&BC!#ﬀﬃ-3
(5ﬀ>
11
1-3BD-3?F$'1$:-301ﬂ<6>9dALﬀﬃﬂ&ﬀ>^ﬁ0ﬁ<$:A6ﬃ$'EF$'6ﬃﬂ@-3d1$;EF$'&ﬀﬃ/=!#6NR	fﬀ>?[0ﬁ&<$Ci vﬁ&<$:ﬂ<$'W<ﬂx&ﬀ>?[G@1$;EF$'&ﬀﬃ/=!#6
   
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0 5 10 15 20 25 30
z(m)
t(s)
	 ﬀ>?[0ﬁ&<$Ci w)$'B{m-3&U!#6)ﬁ&<- 16ﬃ$-#+H1$l$JY1!3/'Q(T!#<$'&xAﬁ$'ﬁ!#
x = 0
BZ]
y = 5
BZR
&U!3/:$'&lALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3p-3^ﬁU!#ﬀ>1$:An!+.<$'&
30
ﬂ<$:/:-31AﬁﬂP-#+*ﬂﬀ>B`0ﬁ67!#ﬀﬃ-3 5(*$v-3^1ﬂ<$'&EF$v!#ﬀ>B{%-3&U!#WxEF$'&ﬀﬃ/=!#6
ALﬀrqm01ﬂﬀﬃ-3-#+21$Q&U!3/:$'&8ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-32Rb81$@ﬁ&<$:/'ﬀﬃﬂ<ﬀﬃ-3|-#+21$@ﬂ<ﬀ>B;0ﬁ67!#ﬀﬃ-3y/=!#C^m$5ﬀ>B{ﬁ&<-=EF$:A^W9{&<$A1ﬁﬀ>ﬁ?
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x(m)0 2.5 5 7.5 10
z(m) z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x0 2.5 5 7.5 10
TRACER 
VALUE
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
	fﬀ>?[0ﬁ&<$i   *67!3ﬂUﬂﬀﬃ/=!#6bﬂﬀ>?[BC!DBD$:ﬂ<	ct6ﬃ$J+.eX!#1A&U!3/:$'&Pﬁ&<- 16ﬃ${-3^ﬁU!#ﬀ>1$:An!#
t = 30
ﬂDct&ﬀ>?[WeQ(5ﬀ>ﬁﬀﬃﬂ
BD$:ﬂ<2R
1$BD$:ﬂyﬀ>Z1$lﬂ&U!#ﬀ"$:Ay=-31$[R,8ﬁﬀﬃﬂQBD$:ﬂ2]L&<$'ﬁ&<$:ﬂ<$'W<$:AZ6ﬃ$J+.5ﬀ> 	fﬀ>?[0ﬁ&<$Di=L]LﬀﬃﬂQ-3^ﬁU!#ﬀ>1$:Ad01ﬂﬀ>ﬁ?{1$
/'67!3ﬂUﬂﬀﬃ/=!#6wﬂﬀ>?[BC!&U!#1ﬂM+}-3&BC!#ﬀﬃ-3n(5ﬀ>n1${ﬂU!#BD$vG0ﬁB`^%$'&-#+T6ﬃ$'EF$'6ﬃﬂ=]s^ﬁ0ﬁl01ﬂﬀ>ﬁ?d!|1-3LIN1-3BD-3?F$'1$:-301ﬂ
ALﬀﬃﬂ<&ﬀ>^ﬁ0ﬁﬀﬃ-3-#+ 1$:ﬂ<$Q6ﬃ$'EF$'6ﬃﬂ5!#6ﬃ-3ﬁ?v1$@EF$'&ﬀﬃ/=!#6NRb81$x&U!3/:$'&8ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3y-3^ﬁU!#ﬀ>1$:Ay!+t<$'&
30
ﬂ<$:/:-31Aﬁﬂ
ﬀﬃﬂ@ﬂ1-=(5Z&ﬀ>?[W@ﬀ> 	fﬀ>?[0ﬁ&<$Di= bﬀ>5ﬀﬃﬂ@ﬂ6>ﬀ>?[G6>96ﬃ$:ﬂ<ﬂQALﬀrqm01ﬂ<$:AsR
x-=(]Wﬀ>-3&<Aﬁ$'&,<-;$'E[!#6>0"!#<$X1$Qﬁ&<$:/'ﬀﬃﬂﬀﬃ-3-#+s1$:ﬂ<$@&<$:ﬂ<0ﬁ6><ﬂ=]F(T$@"!=EF$@m$'&M+.-3&BD$:AC1$Xﬂ!#BD$@ﬂﬀ>B`0ﬁ67!#ﬀﬃ-3
&<$A1ﬁﬀ>ﬁ?ﬂﬀ>?[ﬁﬀ"/=!#G6>9n1$vBD$:ﬂ!#6ﬃ-3ﬁ?d1$vEF$'&ﬀﬃ/=!#6 l(*$v"!=EF${01ﬂ<$:A
55
]
105
!#1A 1"!#6>6>9
205
6ﬃ$'EF$'6ﬃﬂ
-31$XEF$'&ﬀﬃ/=!#6NR 	 ﬀ>?[0ﬁ&<$l ﬁ&<$:ﬂ<$'G<ﬂ81$@&<$:ﬂ0ﬁ6><ﬂ8-#+21$:ﬂ<$Xﬂ<ﬀ>B;0ﬁ67!#ﬀﬃ-31ﬂQ!+.<$'&
30
ﬂU$:/:-31Aﬁﬂ=Rb81$'9Cﬂ1-(
"!#T1$PALﬀﬃﬂ</'&<$'<$xﬂ<-36>0ﬁﬀﬃ-3/:-3WEF$'&?F$:ﬂ8<-4!`ﬂ<-36>0ﬁﬀﬃ-3ﬀ>|(5ﬁﬀﬃ/U1$@m$'&0ﬁ&^"!#ﬀﬃ-3y-#+)1$Xﬂ<&U!#ﬀ"/=!#ﬀﬃ-3
ﬀﬃﬂ@-#+f1$ﬂ!#BD$l-3&<Aﬁ$'&X!3ﬂ51$l(8!:EF$`!#B{ﬁ6>ﬀ>01Aﬁ$[R
_)$'D01ﬂD1-( $'E3!#6>0"!#<$Z1$Z$Jqm$:/'|-#+x1$yBD$:ﬂ<	BD-=EF$'BD$'G-31$y&<$:ﬂ<0ﬁ6>C-#+xﬁﬀﬃﬂCﬂﬀ>B;0ﬁ67!#ﬀﬃ-32R p$
01ﬂU$4!C1$'(?[&ﬀﬃAs]mﬂ1-(56ﬃ$J+tXﬀ> 	fﬀ>?[0ﬁ&<${Li4!#1Az-3^ﬁU!#ﬀ>1$:Az01ﬂﬀ>ﬁ?1$;?F$'1$'&U!#6>ﬀ>=$:Aﬂﬀ>?[BC!|&U!#1ﬂM+}-3&BC!I
ﬀﬃ-3Aﬁ$:ﬂU/'&ﬀ>^%$:Aﬀ>ﬁﬀﬃﬂv"!#%$'&=RoK{/:-30ﬁW<ﬂ
11
6ﬃ$'EF$'6ﬃﬂD!#1Ao1$EF$'&ﬀﬃ/=!#65&<$:ﬂU-36>0ﬁﬀﬃ-3	ﬀ>1$ﬂ&U!#ﬀ"$:A
=-31$Cﬀﬃﬂ1$|ﬂU!#BD$C!3ﬂﬀ>o1$Cﬂ<$:/:-31A/'67!3ﬂ<ﬂﬀﬃ/=!#6rIKﬂﬀ>?[BC!dBD$:ﬂct&<$'ﬁ&<$:ﬂ<$'W<$:A6ﬃ$J+.;ﬀ> 	 ﬀ>?[0ﬁ&<$i=FeJ]f^ﬁ0ﬁ`!
1-3&ﬀ>=-3WU!#6,ﬁ67!#1$4ﬀﬃﬂ ﬁYﬁ$:Ap!#x1$'ﬀ>?[W
z = −3.5
BZ])ﬂ<-|"!#l1$vﬀ>L+.$'&ﬀﬃ-3&l"!#&l-#+T1$vBD$:ﬂnAﬁ-W$:ﬂP1-3
BD-EF$[R,81$l&<$:ﬂ<0ﬁ6><ﬂQ-3^ﬁU!#ﬀ>1$:Ad-3yﬁﬀﬃﬂ@?[&ﬀﬃAZ!#&<$lﬁ&<$:ﬂ<$'G<$:Ad&ﬀ>?[GQﬀ> 1?[0ﬁ&<$;Li[R
81$5/'67!3ﬂUﬂﬀﬃ/=!#61ﬂﬀ>?[BC!xBD$:ﬂDﬂ1-(5Dﬀ> 	fﬀ>?[0ﬁ&<$li=l!#1Av1$8?F$'1$'&U!#6>ﬀ>=$:ACﬂﬀ>?[BC!xBD$:ﬂ<{01ﬂ<$:A41-=("!=EF$51$
    
÷

æTû0éæWô*æ

	 
æWêæTñ[ú
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x(m)0 2.5 5 7.5 10
z(m) z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x0 2.5 5 7.5 10
TRACER 
VALUE
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
	fﬀ>?[0ﬁ&<$Ci= T1-3LIN1-3BD-3?F$'1$:-301ﬂl/'67!3ﬂ<ﬂﬀﬃ/=!#6fﬂﬀ>?[BC!{BD$:ﬂct6ﬃ$J+te@!#1AZ&U!3/:$'&Xﬁ&<- 16ﬃ$`-3^ﬁU!#ﬀ>1$:A!#
t = 30
ﬂ
ct&ﬀ>?[Ge5(5ﬀ>Zﬁﬀﬃﬂ5BD$:ﬂ2R
55 levels
z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x
0 2.5 5 7.5 10
TRACEUR_1 30 (??)
2.00
2.29
2.57
2.86
3.14
3.43
3.71
4.00
z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x
0 2.5 5 7.5 10
TRACER 
VALUE
2.00
2.29
2.57
2.86
3.14
3.43
3.71
4.00
z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x
0 2.5 5 7.5 10
TRACEUR_1 30 (??)
2.00
2.29
2.57
2.86
3.14
3.43
3.71
4.00
205 levels105 levels
	fﬀ>?[0ﬁ&<$;  w)&U!3/:$'&Qﬁ&<- 16ﬃ$;-3^ﬁU!#ﬀ>1$:Ad!#
t = 30
ﬂ5ﬀ>1/'&<$=!3ﬂ<ﬀ>ﬁ?D1$lG0ﬁB`^%$'&x-#+f6ﬃ$'EF$'6ﬃﬂR
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x(m)0 2.5 5 7.5 10
z(m) z
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
x0 2.5 5 7.5 10
TRACER VALUE
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
	fﬀ>?[0ﬁ&<$`Li P$'1$'&U!#6>ﬀ>=$:Aﬂ<ﬀ>?[BC!IN&U!#1ﬂM+.-3&BC!#ﬀﬃ-3zBD$:ﬂct6ﬃ$J+te5!#1Ad&U!3/:$'&@ﬁ&<- 16ﬃ$ct&ﬀ>?[Ge@-3^ﬁU!#ﬀ>1$:Az!#
t = 30
ﬂ@(5ﬀ>Zﬁﬀﬃﬂ5BD$:ﬂ2R
    
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
ﬂ!#BD$*EF$'&ﬀﬃ/=!#6ﬁ&<$:ﬂU-36>0ﬁﬀﬃ-32][^ﬁ0ﬁ ﬀ>v1$<1&<ﬂH/=!3ﬂ<$5!#6>6L1$*67!=9F$'&<ﬂHBD-=EF$8(5ﬀ>v1$*+t&<$:$Tﬂ0ﬁ&M+N!3/:$[]3(51$'&<$=!3ﬂHﬀ>
1$@ﬂ<$:/:-31AD/=!3ﬂ<$5-3ﬁ6>941$50ﬁﬁm$'&b67!:9F$'&<ﬂwBD-EF$[R T-3B{"!#&ﬀ>ﬁ?;1$5&<$:ﬂ<0ﬁ6><ﬂw-3^ﬁU!#ﬀ>1$:AC-3{^m-3{BD$:ﬂ1$:ﬂw(T$
-3^1ﬂU$'&EF$"!#@1$;EF$'&ﬀﬃ/=!#6 ALﬀrqm01ﬂﬀﬃ-3-#+H1$&U!3/:$'&xALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3zﬀﬃﬂ@ﬂﬀ>?[ﬁﬀ"/=!#W6>9ZﬂBC!#6>6ﬃ$'&@(51$'01ﬂﬀ>ﬁ?
1$Pﬂ<$:/:-31ABD$:ﬂ f1$xBD-=EF$'BD$'GX-#+)1$xBD$:ﬂ|ﬀ>1$xEF$'&ﬀﬃ/=!#62ALﬀ>&<$:/'ﬀﬃ-3Z!#B{ﬁ6>ﬀ"$:ﬂ81$XEF$'&ﬀﬃ/=!#6mW0LI
BD$'&ﬀﬃ/=!#62ALﬀrqm01ﬂﬀﬃ-32RbC+N!3/'=]1$@&<$:ﬂ<0ﬁ6>8-3^ﬁU!#ﬀ>1$:A(5ﬀ>Z!;BD$:ﬂ/:-30ﬁGﬀ>ﬁ?
11
67!:9F$'&<ﬂ=]W+.&<-3B(5ﬁﬀﬃ/<
8
!#&<$
ﬁYﬁ$:As]ﬀﬃﬂ !3ﬂ !3/:/'0ﬁ&U!#<$T!3ﬂ21$b&<$:ﬂ<0ﬁ6> -3^ﬁU!#ﬀ>1$:A(5ﬀ>v!8BD$:ﬂ;/:-30ﬁWﬀ>ﬁ?
55
BD-=Eﬀ>ﬁ?@67!:9F$'&<ﬂ8c.ﬂ<$:$ 	fﬀ>?[0ﬁ&<$T FeJR
8ﬁﬀﬃﬂC<$:ﬂ/=!3ﬂ<$dﬂ<1-=(Qﬂ|"!#C1$BD-=EF$'BD$'Gy-#+l1$BD$:ﬂ/=!#Łﬂ<-3BD$'ﬀ>BD$:ﬂCﬁ&<-EF-3F$n!3AﬁALﬀ>ﬀﬃ-3"!#6
W0ﬁBD$'&ﬀﬃ/=!#6@ALﬀrqm01ﬂﬀﬃ-32Rp8ﬁﬀﬃﬂv/=!#	^%$|6>ﬀ>B{ﬀ><$:A01ﬂﬀ>ﬁ?1$\X_)a*S&U!#1ﬂM+.-3&BC!#ﬀﬃ-32],^G9oﬀ>B{%-[ﬂﬀ>ﬁ? ﬁYﬁ$:A
67!=9F$'&<ﬂ{!#1Ap1$'&<$J+}-3&<$C/=!#1/:$'6>6>ﬀ>ﬁ?1$DBD-EF$'BD$'G{-#+51$DBD$:ﬂoﬀ>"!#&ﬀﬃ/'0ﬁ67!#&4=-31$:ﬂ;"!#4ﬂ1-30ﬁ6ﬃA^m$
ﬂU-36>EF$:AyBD-3&<$;!3/:/'0ﬁ&U!#<$'6>9FR
 -  =  8	 =   	

=8 %  	 =#	ﬂ   
 2 8@= 476 	 8 6 =   	?:=  $&	 406-
p$X1-=( ﬂ1-(ﬂ<-3BD$@&<$:ﬂ0ﬁ6><ﬂ*-3!l&<$=!#6>ﬀﬃﬂﬀﬃ/X<$:ﬂT/=!3ﬂ<$[]G(5ﬁﬀﬃ/Uﬂ<ﬀ>B;0ﬁ67!#<$:ﬂT1$@$Jqs$:/'T-#+)!1$=!#Tﬂ<-30ﬁ&</:$@ﬀ>
1$PB{ﬀﬃAﬁAL6ﬃ$;-#+H!4/'6ﬃ-[ﬂ<$:A^"!3ﬂﬀ>y(5ﬀ>Zﬂ<$:$'y^"!#W9WBD$'&9FR*8ﬁﬀﬃﬂ8<$:ﬂQ/=!3ﬂ<$PAﬁ-$:ﬂ81-35"!:EF$;!#Z!#"!#6>9ﬀﬃ/=!#6
ﬂU-36>0ﬁﬀﬃ-32]1!#1A(*$lAﬁ-v-3ﬁ6>9|ﬁ&<$:ﬂU$'GQVW0"!#6>ﬀ>U!#ﬀ>EF$P&<$:ﬂ0ﬁ6><ﬂ=R(,x-=(*$'EF$'&=]"ﬀ>ﬁﬀﬃﬂ5/=!3ﬂ<$x1$P^%-3<-3B ?[&U!3ALﬀﬃ$'W
"!3ﬂx1-Cﬀ>LO101$'1/:$4-3z1$`1$=!#xﬂﬁ&<$=!3ALﬀ>ﬁ?1]s!#1A(*$4ﬂ1-30ﬁ6ﬃA1$'&<$J+.-3&<$v-3^ﬁU!#ﬀ>z1$`ﬂU!#BD$`<$'B{m$'&U!#0ﬁ&<$
ALﬀﬃﬂ<&ﬀ>^ﬁ0ﬁﬀﬃ-3o!3ﬂlﬀ>n1${/=!3ﬂ<$v(51$'&<${1$v^m-3<-3B ﬀﬃﬂPO!#=R p$v1$'&<$J+}-3&<${^%$'?[ﬀ>n(5ﬀ>!ﬂ<ﬀ>B;0ﬁ67!#ﬀﬃ-3o-#+
1${ﬂ!#BD$`<$:ﬂ</=!3ﬂ<$4(5ﬀ>!|O!#x^m-3<-3BZ])!#1A(T$v1$'p/:-3B{"!#&<${ﬀ>P<-1$`&<$:ﬂ<0ﬁ6><ﬂ-3^ﬁU!#ﬀ>1$:Aﬀ>n1$
/=!3ﬂU$-#+Hﬂ<<$:$'y^"!#G9BD$'&9F]101ﬂﬀ>ﬁ?D(*-|ALﬀrqm$'&<$'WQEF$'&ﬀﬃ/=!#6 ALﬀﬃﬂ</'&<$'ﬀ>!#ﬀﬃ-31ﬂR
p$ 1&<ﬂD/:-31ﬂﬀﬃAﬁ$'&C!ﬂ<VW0"!#&<$y/'6ﬃ-[ﬂ<$:A	^"!3ﬂ<ﬀ>-#+xﬂﬀﬃAﬁ$
L = 4000
BZ]*(5ﬀ>~!/:-31ﬂU!#G|^%-3<-3B !#
z = −10
BZR4\8l1$vﬀ>ﬁﬀ>ﬀ7!#6bﬀ>BD$v1$v(T!#<$'&`ﬂ0ﬁ&M+}!3/:$vﬀﬃﬂxO!#Cc
h = 10
B|eP!#1A1-BD-3ﬀﬃ-3nﬀﬃﬂPU!#F$'2R
	fﬀ>?[0ﬁ&<$;[vﬂ<1-=(Qﬂ51$PEF$'&ﬀﬃ/=!#6)/'&<-[ﬂUﬂMIKﬂ<$:/'ﬀﬃ-3d-#+f1$Pﬀ>ﬁﬀ>ﬀ7!#62ﬁ&<$:$JIKALﬀ>BD$'1ﬂﬀﬃ-3"!#6)BD$:ﬂ<!#
y = 2000
BZR
\@+.<$'&*-31$Xﬀ>BD$@ﬂ<$'2]W(T!#<$'&8ﬀﬃﬂTALﬀﬃﬂ</<"!#&?F$:A|(5ﬀ>!#$JYL/:$:ﬂUﬂ,<$'B{m$'&U!#0ﬁ&<$P-#+
T = 333o
+.&<-3B !;%-3ﬀ>W
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
0 1000 2000 3000 4000
z(m)  
x(m)
	fﬀ>?[0ﬁ&<$;[ w$'&ﬀﬃ/=!#6 /'&<-[ﬂUﬂMIKﬂ<$:/'ﬀﬃ-3!#
y = 2000
B -#+f1$
3
BD$:ﬂ<2R
ﬂU-30ﬁ&</:$`6ﬃ-/=!#<$:Azﬀ>1$`B{ﬀﬃAﬁAL6ﬃ${-#+*1$`(8!#<$'&/:-36>0ﬁB{!#P1$4/:$'W&<${-#+,1$4^"!3ﬂﬀ>2Rl81${/:--3&<ALﬀ>"!#<$:ﬂ
-#+Tﬁﬀﬃﬂlﬂ<-30ﬁ&</:$4%-3ﬀ>W!#&<$
x = 2000
BZ]
y = 2000
B!#1A
z = −5
BZR81$4(T!#<$'&ALﬀﬃﬂ</U"!#&?F${-#+*1$
ﬂU-30ﬁ&</:$ﬀﬃﬂ
Q = 20m3/s
R,\/:-31ﬂU!#GX1-3&ﬀ>=-3GU!#6fEWﬀﬃﬂU/:-[ﬂﬀ>K9y/:-$*)C/'ﬀﬃ$'GX-#+
νh = 10
−4 !#1Ay1-DEF$'&ﬀﬃ/=!#6
ALﬀrqm01ﬂﬀﬃ-3!#&<${/U1-[ﬂ<$'n+}-3&x1$4O10ﬁﬀﬃAEF$'6ﬃ-/'ﬀ>ﬀﬃ$:ﬂ=R x-ALﬀrqm01ﬂﬀﬃ-3!#;!#6>6Hﬀﬃﬂ/:-31ﬂﬀﬃAﬁ$'&<$:An-3n1$v&U!3/:$'&=] ﬂ<-
"!#Q-3ﬁ6>9|1$l!3ALEF$:/'ﬀﬃ-3Zﬀﬃﬂ8$'E3!#6>0"!#<$:AsR p$Pﬀ>1ALﬀﬃ/=!#<$P"!#51$x<$'B{m$'&U!#0ﬁ&<$lﬀﬃﬂ5!#Z!3/'ﬀ>EF$P&U!3/:$'& b1$
$:VW0"!#ﬀﬃ-3D-#+%ﬂ<U!#<$T+.-3&Hm$'&M+.$:/'H?G!3ﬂ<$:ﬂb&<$'67!#<$:ﬂH1$TO10ﬁﬀﬃA{Aﬁ$'1ﬂ<ﬀ>K94<-X1$8<$'B{m$'&U!#0ﬁ&<$[Rb81$8<$'B{m$'&U!#0ﬁ&<$
ﬁ&<- 16ﬃ$|!+t<$'&
30
B{ﬀ>W0ﬁ<$:ﬂﬀﬃﬂﬂ<1-=(5pﬀ> 	fﬀ>?[0ﬁ&<$C[jLR p$D/=!#oﬂ<$:$v"!#l1$D$Jqs$:/'-#+T1${1$=!#`-3n1$
O"-("!3ﬂP^m$:$'nU!#F$'nﬀ>G<-Z!3/:/:-30ﬁG X1$vEF$'6ﬃ-/'ﬀ>ﬀﬃ$:ﬂ;!#&<$4BC!#ﬀ>ﬁ6>9zEF$'&ﬀﬃ/=!#6*!#1A1$'9z!#&<${-3&ﬀﬃ$'W<$:Anﬀ>
    
÷

æTû0éæWô*æ

	 
æWêæTñ[ú
1$ALﬀ>&<$:/'ﬀﬃ-3d-#+H1$P+.&<$:$lﬂ0ﬁ&M+}!3/:$;ﬂﬀ>1/:$P1$l1$=!#Q?F-$:ﬂ50ﬁG(8!#&<Aﬁﬂ=R
	 ﬀ>?[0ﬁ&<$`[j w2&U!3/:$'&@ALﬀﬃﬂ<&ﬀ>^ﬁ0ﬁﬀﬃ-3z!#
t = 1800
ﬂ=R
p$x1-=(/:-31ﬂﬀﬃAﬁ$'&@!4ALﬀrqs$'&<$'GQ/:-3@1?[0ﬁ&U!#ﬀﬃ-32R*\ /:-31$JIKﬂ"!#m$:Ay-3^1ﬂU!3/'6ﬃ$PﬀﬃﬂTﬁ67!3/:$:Ay-31$P^%-3<-3B
!#w1$QB{ﬀﬃAﬁAL6ﬃ$X-#+s1$QAﬁ-3BC!#ﬀ>2R.p$Q(8!#GT<-/:-3B{"!#&<$Q1$@&<$:ﬂ0ﬁ6><ﬂ,-3^ﬁU!#ﬀ>1$:A-3DK(T-;ALﬀrqs$'&<$'GTBD$:ﬂ1$:ﬂ=]
(51-[ﬂ<$DEF$'&ﬀﬃ/=!#6T/'&<-[ﬂ<ﬂMIKﬂ<$:/'ﬀﬃ-31ﬂv!#&<$Cﬂ<1-=(5ﬀ> 	fﬀ>?[0ﬁ&<$|  `BD$:ﬂŁc}!FeP"!3ﬂ;^m$:$'-3^ﬁU!#ﬀ>1$:Ao01ﬂﬀ>ﬁ?d1$
/'67!3ﬂ<ﬂﬀﬃ/=!#6Lﬂﬀ>?[BC!@&U!#1ﬂM+.-3&BC!#ﬀﬃ-3v(51$'&<$=!3ﬂHBD$:ﬂyct^e2"!3ﬂ ^m$:$'v-3^ﬁU!#ﬀ>1$:A`01ﬂ<ﬀ>ﬁ? P$'&<Aﬁ$:ﬂf&U!#1ﬂM+}-3&BC!#ﬀﬃ-3
h>ikK]1(5ﬁﬀﬃ/U/=!#Z^m$Aﬁ$A11$:AZﬁ&<-30ﬁ?[1$?F$'1$'&U!#6>ﬀ>=$:Aﬂﬀ>?[BC!D/:--3&<ALﬀ>"!#<$;ﬂ9Lﬂ<$'B ﬀ>W&<-WAL01/:$:Aﬀ>Zﬁﬀﬃﬂ
"!#%$'&=RH8ﬁﬀﬃﬂb&U!#1ﬂ+.-3&BC!#ﬀﬃ-3!#6>6ﬃ-=(Qﬂw<-P"!=EF$Q1$=!#&6>941-3&ﬀ>=-3GU!#667!:9F$'&<ﬂ,$'EF$'&9(51$'&<$[Rb{"!#w(T!=9F]G1$
67!:9F$'&<ﬂT/:-3GU!#ﬀ>ﬁﬀ>ﬁ?41$51$=!#,ﬂ<-30ﬁ&</:$@Aﬁ-l1-3,BD-EF$@AL0ﬁ&ﬀ>ﬁ?1$X$'Gﬀ>&<$@ﬂ<ﬀ>B;0ﬁ67!#ﬀﬃ-32]L!#1AD1$'9{!#&<$X!#6>BD-[ﬂ
1-3&ﬀ>=-3GU!#6NR`KzBD$:ﬂ	c}!FeQﬀ>1ﬂ<<$=!3As]m1$`67!=9F$'&<ﬂ!#&<-30ﬁ1Az1$4ﬂU-30ﬁ&</:$`BD-EF$4(5ﬀ>z1$`+.&<$:$`ﬂ<0ﬁ&M+}!3/:$[]2!#1A
1$'9/:-3WU!#ﬀ>Zﬁﬀ>?[ﬁ6>9WIKAﬁ$J+.-3&BD$:AZ$'6ﬃ$'BD$'W<ﬂ=]1ﬂ<-3BD$l-#+f(5ﬁﬀﬃ/<dAﬁ-41-38+.0ﬁ616s1$PG9LAL&<-[ﬂU!#ﬀﬃ//:-31ﬂﬀﬃﬂ<<$'1/'9
/:-31ALﬀ>ﬀﬃ-32R p$y"!:EF$d1-!#"!#6>9Wﬀﬃ/=!#6xﬂ<-36>0ﬁﬀﬃ-3+}-3&DﬁﬀﬃﬂC<$:ﬂC/=!3ﬂ<$[R,X-(*$'EF$'&=]51$Z-3^1ﬂ<U!3/'6ﬃ$d-31$
^%-3<-3B ﬂ1-30ﬁ6ﬃA"!:EF$l1-C/:-31ﬂ<$:VG01$'1/:$l-3d1$P&U!3/:$'&@ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-32R,81$'&<$J+}-3&<$[]ﬁ(T$$JYm$:/'5<-{-3^ﬁU!#ﬀ>
1$8ﬂU!#BD$,&<$:ﬂ<0ﬁ6>b!3ﬂfﬀ>v1$*ﬁ&<$'EWﬀﬃ-301ﬂbﬂﬀ>B`0ﬁ67!#ﬀﬃ-3{(5ﬀ>4O!#f^m-3<-3BZR 	fﬀ>?[0ﬁ&<$8Xﬂ1-(QﬂH1$*<$'B{m$'&U!#0ﬁ&<$
ﬁ&<- 16ﬃ$:ﬂ5-3^ﬁU!#ﬀ>1$:Ad!+.<$'&
360
ﬀ>BD$Pﬂ<$'1ﬂ=]01ﬂﬀ>ﬁ?v^m-3BD$:ﬂ<1$:ﬂ=]1!3ﬂTEF$'&ﬀﬃ/=!#6rIK/'&<-[ﬂ<ﬂQﬂ<$:/'ﬀﬃ-31ﬂ@!#
y = 2
BZR
81$5&U!3/:$'&,ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3-3^ﬁU!#ﬀ>1$:AD(5ﬀ>D1$@/'67!3ﬂ<ﬂﬀﬃ/=!#6"ﬂﬀ>?[BC!xBD$:ﬂ<c}!FefﬀﬃﬂbEF$'&9vALﬀrqm$'&<$'Ww+.&<-3B1$Q-31$
-3^ﬁU!#ﬀ>1$:AD-3D!@O!#b^%-3<-3B c.ﬂ<$:$<1?[0ﬁ&<$Q[jFeJRH81$8<$'B{m$'&U!#0ﬁ&<$8"!3ﬂw!xBC!Yﬀ>BC!#6ﬁE[!#6>01$8-#+
38
Aﬁ$'?[&<$:$:ﬂbﬀ>
1$xB{ﬀﬃAﬁAL6ﬃ$l-#+ 1$x^"!3ﬂﬀ>2]L(51$'&<$=!3ﬂ5ﬀ>5Aﬁ-$:ﬂ  5$JYL/:$:$:A
23
Aﬁ$'?[&<$:$:ﬂ5ﬀ>1$P/=!3ﬂ<$P-#+ 1$XO!#5^%-3<-3BZRb
!3AﬁALﬀ>ﬀﬃ-32]1!1-3LINﬁW9ﬂ<ﬀﬃ/=!#62$Jqm$:/'Q!#ﬁm$=!#&<ﬂ8!#&<-30ﬁ1A1$x0ﬁﬁm$'&T"!#&5-#+)1$x-3^1ﬂU!3/'6ﬃ$H1$x1$=!#5ﬂﬁ&<$=!3Aﬁﬂ
-30ﬁPﬀ>n1$`^m-3<-3BALﬀ>&<$:/'ﬀﬃ-32]2(51$'&<$=!3ﬂPﬀ>ﬂ<1-30ﬁ6ﬃAz-3ﬁ6>9?F-0ﬁG(8!#&<Aﬁﬂ=R

n1$v/:-3W&U!#&9F]2(5ﬀ>nBD$:ﬂ
ct^eJ]"1$;&U!3/:$'&XALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3ﬀﬃﬂx!#6>BD-[ﬂ@1$4ﬂU!#BD$;!3ﬂX1$;-31$`-3^ﬁU!#ﬀ>1$:Ad(5ﬀ>n!vO!#X^%-3<-3BZR	fﬀ>?[0ﬁ&<$
[4?[ﬀ>EF$:ﬂQ!4^%$'<$'&5/:-3B{"!#&ﬀﬃﬂ<-3-#+ ^m-3&U!3/:$'&@ﬁ&<- 16ﬃ$:ﬂ=R.p$lﬂ<$:$x"!#51$lﬂ"!#m$P!#1AZ!#6ﬃﬂU-`1$PE[!#6>01$:ﬂ
-#+f1$&U!3/:$'&@ALﬀﬃﬂ&ﬀ>^ﬁ0ﬁﬀﬃ-3z!#&<$PEF$'&9yﬂﬀ>B{ﬀ>67!#&=R p$/=!#y1$'&<$J+.-3&<$`ﬂU!:9"!#Q1$P&<$:ﬂ0ﬁ6>X-3^ﬁU!#ﬀ>1$:AZ01ﬂﬀ>ﬁ?
1$l?F$'1$'&U!#6>ﬀ>=$:Adﬂ<ﬀ>?[BC!4BD$:ﬂoct^eTﬀﬃﬂ8BD-3&<$;!3/:/'0ﬁ&U!#<$[R
B{%-[ﬂﬀ>ﬁ?{1$=!#&6>91-3&ﬀ>=-3GU!#6 67!:9F$'&<ﬂ5ﬀ>d!#&<$=!3ﬂQ(5ﬀ>ZAﬁ$'1ﬂﬀ>K9?[&U!3ALﬀﬃ$'G<ﬂX/=!#yﬀ>B{ﬁ&<-=EF$l1$!3/:/'0ﬁ&U!3/'9
-#+21$@ﬂﬀ>B`0ﬁ67!#ﬀﬃ-31ﬂ=Rw81$'&<$J+}-3&<$[]ﬀ>,ﬀﬃﬂ*!3ALE[!#GU!#?F$:-301ﬂ8<-;"!:EF$XBD-3&<$QO"$JYLﬀ>^ﬁﬀ>6>ﬀ>K9Cﬀ>C1$xAﬁ$A1ﬁﬀ>ﬀﬃ-3-#+21$
EF$'&ﬀﬃ/=!#6wALﬀﬃﬂ</'&<$'ﬀ>!#ﬀﬃ-32])!3ﬂxﬀ>Pﬀﬃﬂx1$4/=!3ﬂU$`(5ﬀ>1$4?F$'1$'&U!#6>ﬀ>=$:Apﬂﬀ>?[BC!/:--3&<ALﬀ>"!#<$vﬂ9ﬂ<<$'B (T$4"!:EF$
ﬁ&<-3%-[ﬂU$:Ayﬀ>yﬁﬀﬃﬂ5"!#m$'&=R
  
   ﬂx

Kﬁﬀﬃﬂ8"!#m$'&=]L1$P6>ﬀ>ﬁC^m$'K(T$:$'Z1$Pﬂﬀ>?[BC!4&U!#1ﬂM+}-3&B !#ﬁﬁ&<-F!3/<!#1A1$l\x_2a~!#ﬁﬁ&<-F!3/<d"!3ﬂ8^%$:$'
/'6ﬃ$=!#&6>9Z$:ﬂU!#^ﬁ6>ﬀﬃﬂ1$:AsR81Aﬁ$:$:As]1(*$;"!:EF$`ﬂ1-=(5"!#@1$;ﬂ<ﬀ>?[BC!v&U!#1ﬂM+}-3&B ﬀﬃﬂ@$:VW0ﬁﬀ>E[!#6ﬃ$'G@<-C1$;\x_2a
!#ﬁﬁ&<-F!3/<(5ﬀ>!y"!#&ﬀﬃ/'0ﬁ67!#&49Wm$D-#+QBC!#ﬁﬁﬀ>ﬁ?Fﬂ=R p$C"!:EF$|1$'&<$J+.-3&<$Cﬀ>G&<-AL01/:$:A1$|\X_)aHI¬SWﬀ>?[BC!
c.\X_)a*SﬁeC!#ﬁﬁ&<-F!3/U2]@(5ﬁﬀﬃ/UŁ/:-31ﬂ<ﬀﬃﬂ<ﬂﬀ>Ł!# \X_2a ﬀ>W<$'&ﬁ&<$'U!#ﬀﬃ-3-#+1$dﬂﬀ>?[BC!&U!#1ﬂM+}-3&BZR 81$'2]
    
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
0 1000 2000 3000 4000
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
0 1000 2000 3000 4000
z(m)
z(m)
a) Classical sigma grid
b) Generalized sigma grid
x(m)
x(m)
	fﬀ>?[0ﬁ&<$;  (z$:ﬂpc}!FeT"!3ﬂ8^m$:$'Z-3^ﬁU!#ﬀ>1$:Ay01ﬂﬀ>ﬁ?{1$l/'67!3ﬂ<ﬂ<ﬀﬃ/=!#62ﬂﬀ>?[BC!4&U!#1ﬂM+}-3&BC!#ﬀﬃ-32R&z$:ﬂpct^e*"!3ﬂ
^m$:$'d-3^ﬁU!#ﬀ>1$:Ay01ﬂ<ﬀ>ﬁ?|!4BD-3&<$l?F$'1$'&U!#6 ﬂ<ﬀ>?[BC!v/:-W-3&<ALﬀ>"!#<$`ﬂ9ﬂ<<$'BZR
(T$C"!=EF$Cﬁ&<-3m-[ﬂ<$:A!ZEF$'&9n?F$'1$'&U!#6T&U!#1ﬂM+}-3&BC!#ﬀﬃ-3oﬀ>o1$|\x_2a*S!#ﬁﬁ&<-F!3/<2],!#6>6ﬃ-(5ﬀ>ﬁ?+}-3&4!Z?[&<$=!#
!3A1!#ﬁU!#^ﬁﬀ>6>ﬀ>9-#+41$EF$'&ﬀﬃ/=!#64ALﬀﬃﬂ</'&<$'ﬀ>!#ﬀﬃ-3!#1A1$'&<$J+}-3&<$p-EF$'&</:-3B{ﬀ>ﬁ?ﬂ<-3BD$pAL&U!=(5^"!3/<Lﬂd-#+v1$
/'67!3ﬂUﬂﬀﬃ/=!#6 ﬂﬀ>?[BC!D&U!#1ﬂM+}-3&BZRQ8ﬁﬀﬃﬂ@?F$'1$'&U!#6fﬂﬀ>?[BC!IK/:--3&<ALﬀ>"!#<$4ﬂ<9ﬂ<$'B "!3ﬂ@^m$:$'dﬀ>B{ﬁ6ﬃ$'BD$'W<$:Aﬀ>1$
ﬁ&<$:$JIKALﬀ>BD$'1ﬂ<ﬀﬃ-3"!#6 +.&<$:$;ﬂ<0ﬁ&M+}!3/:$O"-=(ﬂ<-36>EF$'&X $'6ﬃ$'BC!3/JIj3Ah>i=kK]ﬀ>-3&<Aﬁ$'&X<-|!#6>6ﬃ-(BD-3&<$O"$JYﬀ>^ﬁﬀ>6>ﬀ>9Zﬀ>
1$@/<1-3ﬀﬃ/:$Q-#+m1$Q-3ﬁﬀ>BC!#61EF$'&ﬀﬃ/=!#6"Aﬁ-3BC!#ﬀ>|ALﬀﬃﬂ</'&<$'ﬀ>!#ﬀﬃ-32R*S$'EF$'&U!#61W0ﬁBD$'&ﬀﬃ/=!#6"<$:ﬂ<ﬂb"!=EF$Qﬂ1-(5D1$
!3ALE[!#GU!#?F$:ﬂx-#+Hﬁﬀﬃﬂ51$'( /:--3&<ALﬀ>"!#<$ﬂ9Lﬂ<$'BZ]1!3ﬂ8+}-3&@$JYﬁ!#B{ﬁ6ﬃ$`!4^%$'<$'&Q&<$'ﬁ&<$:ﬂU$'GU!#ﬀﬃ-3-#+H1-3&ﬀ>=-3GU!#6
ﬂ<&U!#ﬀ"/=!#ﬀﬃ-31ﬂ=R
÷û kô*é[è4ßnæ0ëï|æWð;æWô#òEìí.ý|îìèé[ê  èñLìIìú F é7êWòwæTë Wç5òEýæø ù=ß½ñ50é[êñ¶òÈé[êç 9ù
 
æWßnæ0û'òóêîlûBîóòóçéõ

êñ7ôûæ
	 îXôòEýæõêTñ[ð;æWèé[ê ;éõñ bý

.ýæìîXì

æèé[ú/ßnë;ßî [æòÈé òEý/ñ[ô  æTñ[ô
	
îóûBýæWß æWêLé[úæ'ò9ñ7ôë
ù9ðIîEßÍæñkþñôë[êTñ Lé7òÈéÖõ'é[êòEýæWîEêû0é7ßXßnñ5Té[êTñ7òóîlé[ô é[ô"òEý|îXìèé[ê 

.ýæ£ôú/ðﬁæBêîlû0ñ[ßPòwæìWòEìèbæWê0æQ æWêEõ'é[êð;æTë
è,îóòEý òEýæòEý|êTææ
	
ë[îEð;æWôìWîóé[ô*ñ[ß|õWêTææìWú®êEõ'ñ¶ûæbü4é[è ì'é[ß[æWê*æWßÍæWðﬁñ¶û
	  
ë ë|æLæWßné æ0ë5ñ7òòEýæÖø ù<Pù
  
ﬀﬂﬁﬃ !ﬂ"$#%ﬂ&
h>iJk DT$:/UWBC!# \4R4!#1A ,P!#ﬀﬃALEF-3?F$'6y4R>] X0ﬁBD$'&ﬀﬃ/=!#6yﬂﬀ>B;0ﬁ67!#ﬀﬃ-3 -#+ZO"-( !#&<-30ﬁ1A ! U!#6>6ﬀﬃﬂ<-367!#<$:A
ﬂ<$=!#BD-30ﬁG=R 

bý®çì
('
ûæTñ[ôé0ï7ê

[j @i3j[IUi [jL])i=[[jLR
hk D*6>0ﬁB`^%$'&?`\`R 	8R3!#1A $'6>6ﬃ-3& vR§_wR>]/÷ ë®æìBûBêWî *òóîóé7ô3éõñ£òEý|êTææ
	
ë[îEð;æWôìWîóé[ô*ñ[ßû0éñ[ìWòÈñ[ßékûæTñ[ôsûBîEêTûBú®ßnñ
	
òóîóé[ôðﬁéë|æWß

K 4R ,X$=!#1ﬂ;c.$:AsReJ]ﬁ8ﬁ&<$:$JIKALﬀ>BD$'1ﬂ<ﬀﬃ-3"!#6 T-F!3ﬂU!#6

/:$=!# -Aﬁ$'6ﬃﬂ=] w-36NR 1]ﬁ\XBD$'&ﬀﬃ/=!#
P$:-3ﬁG9Lﬂﬀﬃ/=!#6 Xﬁﬀﬃ-32]@!3ﬂﬁﬀ>ﬁ?[<-3z4R xR>])iJIUi=L]2i= FR
    
÷

æTû0éæWô*æ

	 
æWêæTñ[ú
z(m)
z(m)
a) Classical sigma grid
b) Generalized sigma grid
x(m)
x(m)
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
0 1000 2000 3000 4000
vitesse 1800
 1.00
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
0 1000 2000 3000 4000
TRACER 
 VALUE
(degC)
0.0
3.8
7.6
11.4
15.2
19.0
22.8
26.6
30.4
34.2
38.0
(u,100w) (m/s)
 1.00
	fﬀ>?[0ﬁ&<$; , $'B{%$'&U!#0ﬁ&<$`ﬁ&<- 16ﬃ$:ﬂ@-3^ﬁU!#ﬀ>1$:A!#
t = 1800
ﬂ501ﬂﬀ>ﬁ?zc}!FeT1$/'67!3ﬂ<ﬂﬀﬃ/=!#6fﬂﬀ>?[BC!vBD$:ﬂz!#1A
ct^eT1$lﬂﬀ>?[BC!v?F$'1$'&U!#6>ﬀ>=$:AdBD$:ﬂ2R
hjkCDT&9G!#  {R>]@\ W0ﬁBD$'&ﬀﬃ/=!#6lBD-WAﬁ$'6x+}-3&|1$ﬂ01AL9~-#+`1$z/'ﬀ>&</'0ﬁ67!#ﬀﬃ-3-#+`1$(T-3&6ﬃA-W/:$=!#1ﬂR 

 
é[ðX úò

bý|çLì

 wj WIjF3L])i=[[LR
h 3kCDT0ﬁ&</<"!#&<A ,4R!#1A  $'<$'&<ﬂU$'

R>]ﬂ,X9^ﬁ&ﬀﬃALﬀ>!#ﬀﬃ-3z^m$'K(T$:$'
σ
IQ!#1A
z
IK/:--3&<ALﬀ>"!#<$:ﬂx+.-3&xﬀ>B{ﬁ&<-=Eﬀ>ﬁ?
1$Xﬀ>G<$'&"!#6mﬁ&<$:ﬂ<ﬂ0ﬁ&<$X?[&U!3ALﬀﬃ$'G5/=!#6ﬃ/'0ﬁ67!#ﬀﬃ-3ﬀ>|BC!#&ﬀ>1$XBD-Aﬁ$'6ﬃﬂ,(5ﬀ>ﬂ<$:$'^%-3<-3Bﬂ6ﬃ-3m$:ﬂXRô#ò



ú®ð;æWê

æ'òEý/éëLì

ßú®îlëLì` 5i [jIUi[[jL])i=[FR
h k *G0fR xR>] 	!# xR>] ,@9LAL&<-[ﬂU!#ﬀﬃ/8/:-3&&<$:/'ﬀﬃ-3{+}-3&Hﬂ<ﬀ>?[BC!X/:--3&<ALﬀ>"!#<$5-/:$=!#4BD-Aﬁ$'6ﬃﬂ
 
æ0é #ý|çLìîlû0ñ[ß
æìæTñ[êTûWýoi yc 8FeJ]"j[ [L]  [jLR
hk`P$:/:-W$'1$\4R>] yç¶ë[êTéLìBòÈñ7òóîóû ðﬁéë|æBßõ'é[êGòEý|ê0æ0æ
	
ë[îXð;æWôìîlé[ôñ[ßõê0æ0æ ìWú®êEõ'ñ¶ûæ ü4é[è2ì ñ[ôë ôú/ð;æWêîlû0ñ[ß
ìBûBýæWð;æì

b11$:ﬂ<ﬀﬃﬂ=] @ﬁﬀ>EF$'&<ﬂ<ﬀ> bﬀﬃ$'&&<$$' !#&ﬀﬃ$ *0ﬁ&ﬀﬃ$[]#H!#&ﬀﬃﬂ PJ]1  [LR
hk`P$'6ﬃ$:$'&<ﬂﬁﬀ -Aﬁ$'&4aQRH!#1A D8$:/<F$'&<ﬂ  1R R>]

o1$|01ﬂ<$C-#+Q1$
σ
/:--3&<ALﬀ>"!#<$ﬂ9Lﬂ<$'Buﬀ>o&<$'?[ﬀﬃ-31ﬂ4-#+
67!#&?F$l^"!#W9WBD$'&ﬀﬃ/;E3!#&ﬀ7!#ﬀﬃ-31ﬂ=R 
 
ñ[êWîXô*æ

çLìWò

j ,j LiJIj[ L]2i=[[LR
h k`P$'6ﬃ$:$'&<ﬂﬁﬀ -Aﬁ$'& aQR!#1A Q01AﬁALﬀﬃ/U  {R vR>]\o?F$'1$'&U!#6>ﬀ>=$:A`EF$'&ﬀﬃ/=!#6W/:--3&<ALﬀ>"!#<$w+}-3&
3
BC!#&ﬀ>1$wBD-Aﬁ$'6ﬃﬂ=R
ú®ßEß
 
éû


 
ûBî

ø,îÈï|æ4LiFc}Fe  G I  [L])i=[[LR
hk l!#&9  1R R>]xa,ﬂﬀ>BC!#<$-#+4&0ﬁ1/=!#ﬀﬃ-3$'&&<-3&Zﬀ>&U!#1ﬂM+}-3&BD$:A/:--3&<ALﬀ>"!#<$pﬁ&ﬀ>B{ﬀ>ﬀ>EF$p$:VW0"!#ﬀﬃ-3
!#BD-[ﬂﬁ1$'&ﬀﬃ/;BD-WAﬁ$'6ﬃﬂ=R 

÷ÖòóðﬁéLì

ûBî

j  ,[[jI[j[jL])i=F3jLR
h>ik P$'&<Aﬁ$:ﬂ ;R>]3\	ﬁ&ﬀ>B{ﬀ>ﬀ>EF$5$:VW0"!#ﬀﬃ-3v-W/:$=!#{/'ﬀ>&</'0ﬁ67!#ﬀﬃ-3{BD-Aﬁ$'6W01ﬂﬀ>ﬁ?l!X?F$'1$'&U!#6LEF$'&ﬀﬃ/=!#6L/:--3&<ALﬀ>"!#<$
&U!#1ﬂM+}-3&BC!#ﬀﬃ-32R /é[ú®êWôñ[ßPéõ

æTé #ý®çìWîóûñ[ß!æWì'æTñ[êTûWý L]2i  * [jI¬Li[]2i=[[jLR
   
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
	fﬀ>?[0ﬁ&<$[ v)$'B{m$'&U!#0ﬁ&<$|ﬁ&<- 16ﬃ$:ﬂv-3^ﬁU!#ﬀ>1$:A!#
t = 1800
ﬂ;(5ﬀ>O!#`^m-3<-3B ct0ﬁﬁm$'&C1?[0ﬁ&<$e;!#1A
(5ﬀ>d1$-3^1ﬂU!3/'6ﬃ$-3y1$l^m-3<-3B !#1Ay01ﬂ<ﬀ>ﬁ?{1$l?F$'1$'&U!#6>ﬀ>=$:Adﬂﬀ>?[BC!{BD$:ﬂ2R
h>i[iJk ,x!#1$'9	lR§_wR>]

1$yﬁ&<$:ﬂUﬂ0ﬁ&<$?[&U!3ALﬀﬃ$'G|+.-3&</:$y-EF$'&|ﬂ<$:$'~<-3%-3?[&U!#ﬁW9	ﬀ>ﬂﬀ>?[BC!n/:--3&<ALﬀ>"!#<$
-W/:$=!#ZBD-Aﬁ$'6ﬃﬂ=R 

bý®çì
 '
ûæTñ[ôéï[ê

Li*LiILi=L])i=[Li[R
h>i=k ,X$'&EF-301$'  "R I oR>] ç¶ë[êékë[ç[ôñ[ðî 'úæë|æWì0û0é[ú/ßnæWð;æWôòEìﬁìú/êXõ'ñ¶ûæßîBêTæ
%
éëWßîXìBñ7òóîlé[ôôú®ðWêWî Búæ
ñ LæTûsß½ñ ðBòEý/éë|æsë|æì	Wß
Wð;æWô#òEì ôîì

b&<$:ﬂ<ﬂU$:ﬂ4Aﬁ$6   :/:-36ﬃ$"!#ﬀﬃ-3"!#6ﬃ$yAﬁ$:ﬂ f-3G<ﬂD$' *"!#01ﬂ<ﬂ :$:ﬂ=]
  [jLR
h>i=jk ,@0ﬁ?[01$:ﬂxlR  1R ;R>]_)!#?[&U!#ﬁ?[ﬀ7!#LIKab0ﬁ6ﬃ$'&ﬀ7!# 1ﬁﬀ><$`$'6ﬃ$'BD$'GX+.-3&B`0ﬁ67!#ﬀﬃ-3d+}-3&Qﬀ>1/:-3B{ﬁ&<$:ﬂ<ﬂﬀ>^ﬁ6ﬃ$`Eﬀﬃﬂ</:-301ﬂ
O"-=(Qﬂ=R
 
é7ð@ *ú/ò
 
æ'òEý/éëLìÖ÷T F ß

æTûWý

ùô®ï[êlï

[ ,j[[Ij GL]2i= Li[R
h>i 3k ,@0W(T!#6ﬃA ,4R>]w2&<$'B`^ﬁ67!:9	_wR I0DPR>] DT67!#<$'& ,`R>]b\ B`0ﬁ6>ﬀrIN67!:9F$'&ﬂﬀ>?[BC!IK/:-W-3&<ALﬀ>"!#<$1$'&BD-AL9"!#B{ﬀﬃ/
ﬂ1-=(~ﬂU$=!INﬀﬃ/:$5BD-WAﬁ$'6  ,!#6>ﬀﬃA1!#ﬀﬃ-3!#?G!#ﬀ>1ﬂ<*SW0ﬁ&M+}!3/:$ ,x$=!# DT01AL?F$',-#+m1$5\@&</'ﬀﬃ/

/:$=!#zcNS ,Xa D8\le
4S$=!v¬/:$+-Aﬁ$'6mKW<$'&</:-3B{"!#&ﬀﬃﬂ<-3 b&<- -$:/'cNS z ,FeTA1!#U!LR>]
<
æTé ý|çLì

æì


   
 
 
	 ë|é[îlí
             

 
        

     5
h>i k  G!#-¬ﬀﬃ/fR§R>]b&<$:ﬂUﬂ0ﬁ&<$v?[&U!3ALﬀﬃ$'G;+.-3&</:$D!#1Ap!3ALEF$:/'ﬀﬃ-3ﬂU/<1$'BD$v01ﬂ<$:Az+}-3&P+.-3&<$:/=!3ﬂ<ﬀ>ﬁ?y(5ﬀ>pﬂ<$:$'
!#1AZﬂBC!#6>6)ﬂ</=!#6ﬃ$P<-3m-3?[&U!#ﬁG9FR
 
é[ô#òóêWî

÷Öòóðé[ì

bý|çLì

  Qi [IUi=[L]2i=F[R
h>i=k  G!#ﬁF-=(Qﬂﬀ  1R§\`R>]÷ ôé[ô
	
ý|ç¶ë[êTéLìWòÈñ7òóîlûðﬁéë|æWß®õBé[êõê0æ0æìWú®êEõBñ|ûæbü9é7è2ì

b11$:ﬂﬀﬃﬂ] @ﬁﬀ>EF$'&<ﬂ<ﬀ>b
,x!#ﬁ1-EF$'&=]"1ﬂﬀ>0ﬁ5+"&@SW&ﬁB`0ﬁﬁ?FﬂBD$:/<"!#ﬁﬀ>Z0ﬁ1Ada Qﬀ
DP]2i=[ LR
h>ik  @-/'9Wﬀ>?[ﬀ> R>] 	"!#6ﬃ/:-31$'& ;R>]b_sﬀ> DPR>]b8ﬁ&<$:$JIKALﬀ>BD$'1ﬂﬀﬃ-3"!#6QG0ﬁBD$'&ﬀﬃ/=!#65BD-Aﬁ$'6>ﬀ>ﬁ?n-#+5+t&<$:$ﬂ0ﬁ&M+N!3/:$
O"-=(QﬂQ(5ﬀ>d1-3LING9LAL&<-[ﬂU!#ﬀﬃ/;ﬁ&<$:ﬂUﬂ0ﬁ&<$[R ô#ò



ú®ð;æWê

æ'òEý/éëLì

ßú®îlëLì   Qi[i  IUi[i=[L]  [LR
   
÷

æTû0éæWô*æ

	 
æWêæTñ[ú
h>i k`\	ﬂﬀ>?[BC!X/:-W-3&<ALﬀ>"!#<$8j3[!#ﬁ"!IK$'1ﬂﬀ>6ﬃ-34BD-WAﬁ$'6r+}-3&f&0ﬁ^ﬁ0ﬁ6ﬃ$'Gf+t&<$:$*ﬂ0ﬁ&M+N!3/:$wO"-(-EF$'&b!@ﬂ0ﬁ^ﬁBD$'&?F$:A
ﬂ&01/'0ﬁ&<$[]÷T F ßîlæ0ë3ðñ¶òEýæWðﬁñ7òóîlû0ñ[ßUðﬁéë|æBßÆîEô®ïy[L]si[i=j[IUi[i  L]  [LR
h>i=k`_sﬀ>  R>]m\B`0ﬁ6>ﬀ>ﬁ6ﬃ$JIN67!:9F$'&;ﬂﬀ>?[BC!IK/:--3&<ALﬀ>"!#<$4BD-WAﬁ$'6 +}-3&Xﬂﬀ>B`0ﬁ67!#ﬀﬃ-3-#+w(8!:EF$JIKﬂ&01/'0ﬁ&<$vﬀ>W<$'&U!3/JI
ﬀﬃ-32R
 
é[ðX úòwæWêìñ[ôë

ßÆú/îóë[ìj @i WIUi=F]  LR
h k !#6ﬃ/<1$'&<$'|\4R>]

ñ7òEýæBðñ¶òóîì'ûWýæyðﬁéë®æWßXßîÈæWêú/ô®ïé[ô

òóê [ðú®ô®ï®æWôsú/ôë

òÈéòóêñ[ôìN é[êBò« êTékþkæWìì'æBô
îEô"æìBòóúñ[ê0æWô

b1 1$:ﬂﬀﬃﬂ=] Xﬁﬀ>EF$'&<ﬂﬀ>b ,P!#ﬁ1-=EF$'&=]11ﬂﬀ>0ﬁT+"&5SW& ﬁB;0ﬁﬁ?Fﬂ<BD$:/<"!#ﬁﬀ>Z0ﬁ1A
a @ﬀ
Dx]si=[LR
hLiJk !#&</:-[ﬂ 	8R>]  G!#ﬁﬀ>  "R oR>] x-30ﬁEF$=!#0LYdA EF$'6ﬃ-3ﬁ%$'BD$'W<ﬂxA1!#1ﬂ@6   U!#m$Aﬁ$/:-3WEF$:/'ﬀﬃ-3LIKALﬀrq%01ﬂ<ﬀﬃ-3
Aﬁ$ $'6ﬃ$'BC!3/JI
3
vR X!#ﬁm-3&@aw 	 PXIK_  ,XaQ] ,XaHI G 3  [ #\4R)i=[FR
h[k z/ 8!#6>ﬁﬀ>  "R§4R>]L\/:-3B{"!#&ﬀﬃﬂ<-3+ ﬂU$:/:-31AIK-3&<Aﬁ$'&5!#1A|+}-30ﬁ&LIK-3&<Aﬁ$'&8ﬁ&<$:ﬂ<ﬂ0ﬁ&<$X?[&U!3ALﬀﬃ$'G@!#6>?F-3&ﬀ>ﬁB
ﬀ>!vﬂﬀ>?[BC!IK/:-#IK-3&<ALﬀ>"!#<$`BD-Aﬁ$'6NR ô#ò



ú®ð;æWê

æBòEýéëLì

ßÆú/îlëLìDi  ,j[LiJIj [jL])i=[ 1R
h[jk z$'6>6ﬃ-3& vR§_wR>]Wab=$'&,lRF!#1A

$'9v_wR I
	{R>]G81$5ﬁ&<$:ﬂ<ﬂ<0ﬁ&<$5?[&U!3ALﬀﬃ$'GT/:-3G0ﬁ1AL&0ﬁB -#+sﬂﬀ>?[BC!l/:--3&<ALﬀ>"!#<$
-/:$=!#ZBD-WAﬁ$'6ﬃﬂR

÷ÖòóðﬁéLìN ý
 '
ûæTñ[ôîlû

æTûBý|ôé[ß

i[i5i[i=[IUi[i=j 1])i=[ 1R
h 3k z$'6>6ﬃ-3& {R§_wR>]

$'9 _wR I
	{R{!#1Aab=$'&lR>]dSWﬀ>?[BC! T-W-3&<ALﬀ>"!#<$ b&<$:ﬂUﬂ0ﬁ&<$ x&U!3ALﬀﬃ$'G!#1A 1$
S$=!#BD-30ﬁG b&<-3^ﬁ6ﬃ$'BZR 

÷ÖòóðﬁéLìN ý
('
ûæTñ[ôîlû

*æTûWý®ôé[ß

i  5i[i=[IUi[i=jLi[] i=[FR
hk z$'6>6ﬃ-3& vR>] ,x!#Wﬀ>1$'S%R>]"ab=$'&PlR"!#1A%H!#</<1$'`R÷

æWô*æBêñ[ßîÍþñ7òóîlé[ô éõñ

înï[ðﬁñ
 
éé[êTë[îEôñ7òwæ
'
ûæTñ[ô

éë|æWßñ7ôëñ7ô ô#òwæBêû0é7ð@ ñ[êîXìBé7ô éTõ

éë|æWßæBêWòóîlû0ñ[ß

êîlëLì


/:$=!# 	1-3&<$:/=!3ﬂﬀ>ﬁ?  T-31/:$'LI
0"!#6 D5!3ﬂﬀﬃﬂ!#1ﬂl\@ﬁﬁ6>ﬀﬃ/=!#ﬀﬃ-31ﬂR `Rﬂbﬀ>"!#&<ALﬀN]  "R p--Aﬁﬂvc.a,Aﬁﬂ=ReJ] SWﬁ&ﬀ>ﬁ?F$'& w$'&67!#?1] D8$'&6>ﬀ>2]I¬3L]
  [LR
h[k bﬁﬀ>6>6>ﬀ>1ﬂ 4R§\`R>]\/:--3&<ALﬀ>"!#<$xﬂ<9ﬂ<$'B "!:Eﬀ>ﬁ?vﬂ<-3BD$Xﬂ<%$:/'ﬀ7!#6s!3ALE3!#WU!#?F$:ﬂT+.-3&TG0ﬁBD$'&ﬀﬃ/=!#6m+}-3&<$:/=!3ﬂMI
ﬀ>ﬁ?1R 
 
æBòwæTé[êTé[ß

i  Qi  3IUi L]2i=FR
hFkvSW1/<1$'m$'ﬀ> \`R 	8R>]+z/ ﬀ>6>6>ﬀ7!#BDﬂ  "R xR>]l81$@$'?[ﬀﬃ-3"!#6

/:$=!# z-WAﬁ$'6`SW9Lﬂ<$'B c 

nSﬁe 5\
ﬂﬁ6>ﬀ>MIK$JYLﬁ6>ﬀﬃ/'ﬀ>=]L+.&<$:$JIKﬂ0ﬁ&M+}!3/:$[]<-3m-3?[&U!#ﬁG9WI}+.-36>6ﬃ-(5ﬀ>ﬁ?/:--3&<ALﬀ>"!#<$l-/:$=!#BD-Aﬁ$'6NR
'
ûæTñ[ô

ékë|æWßEßÆîEô®ï
 ,j WI   1]"  LR
h kvSW6ﬃ-3&<A1!#61_wR ,4]381$8ﬁ&<$:ﬂ<ﬂ0ﬁ&<$T?[&U!3ALﬀﬃ$'Gb+}-3&</:$Tﬀ>{ﬂﬀ>?[BC!IK/:-W-3&<ALﬀ>"!#<$JIf-W/:$=!#{BD-Aﬁ$'6ﬃﬂ=R ô#ò



yú/ð;æWê


æBòEý

ßú/îóëLì`  * FIUiLi]2i=[FR
h[kvS-3ﬁ?	{RL!#1A!,P!#ﬀﬃALEF-3?F$'6)vR>]ﬁ\ S$'B{ﬀrINﬀ>B{ﬁ6>ﬀﬃ/'ﬀ>

/:$=!#
*ﬀ>&</'0ﬁ67!#ﬀﬃ-3%z-WAﬁ$'6 xﬂﬀ>ﬁ?D! P$'1$'&U!#6>ﬀ>=$:A
)-3m-3?[&U!#ﬁG9WI 	1-36>6ﬃ-(5ﬀ>ﬁ?
T-W-3&<ALﬀ>"!#<$`SW9Lﬂ<$'BZR 

éõ
 
é[ðX úò

bý|çLì

i[i  ,[ I 1]2i=[ 1R
hj kvS-3ﬁ?	vR5!#1A ,P!#ﬀﬃALEF-3?F$'64R>]X\ ?F$'1$'&U!#6lﬁ&<$:ﬂ<ﬂ0ﬁ&<$z?[&U!3ALﬀﬃ$'W+.-3&B`0ﬁ67!#ﬀﬃ-3 +.-3&y-/:$=!#ŁBD-Aﬁ$'6ﬃﬂ=R

é[ôòEý|ßÆç

æTñ¶òEýæWê æîÈæWè i=[ Qi GIUi3[L] i=[ LR
hjLiJkvS-30ﬁ67!}BC!#ﬁﬀ2\4R>]LSL![!3A	vR>]\X!#&^ﬁﬀ>&U!#&9C_ !#?[&U!#ﬁ?[ﬀ7!#LIKab0ﬁ6ﬃ$'&ﬀ7!# 1ﬁﬀ><$x$'6ﬃ$'BD$'G5BD$'1-AD+}-3&*ﬂU-36>EGI
ﬀ>ﬁ?lﬁ&<$:$JIKALﬀ>BD$'1ﬂﬀﬃ-3"!#6"+t&<$:$8ﬂ0ﬁ&M+N!3/:$TO"-=(Qﬂ=R
 
é7ð@ *ú/ò

æBòEýéëLì÷* G ß
 
æTûWý

ù9ô®ï[êlï

i=[ b3IUi[L]
i=[ LR
hj[k1-30  1R {R>]TSWU!#1ﬂ^W9fR  {R>]8\@!#&^ﬁﬀ>&U!#&9	_)!#?[&U!#ﬁ?[ﬀ7!#LIKab0ﬁ6ﬃ$'&ﬀ7!# SWﬀ>?[BC!	c.\x_2a*Sﬁe4BD-Aﬁ$'65(5ﬀ>
1-3LING9LAL&<-[ﬂU!#ﬀﬃ/nﬁ&<$:ﬂUﬂ0ﬁ&<$z+.-3&yﬂ"!#6>6ﬃ-((T!#<$'&=R
 
é7ð@ *ú/ò
 
æBòEý/ékëLì5÷T F ß
 
æTûWý

ùô®ï7êóï

i 
i=[ILi 1])i=[[LR
hj[jkvSW<$'6>6>ﬀ>ﬁ? vRS%Rb!#1A ,!#  l$:ﬂ<$'&  1R§\4R§ ,4R oR>]

1$!#ﬁﬁ&<-:YLﬀ>BC!#ﬀﬃ-3~-#+Q1-3&ﬀ>=-3GU!#6Q?[&U!3ALﬀﬃ$'W<ﬂ
ﬀ>	ﬂﬀ>?[BC!IK/:--3&<ALﬀ>"!#<$:ﬂ{+}-3&4^"!#W9WBD$'&9(5ﬀ>ﬂ<$:$'^m-3<-3B ﬂ6ﬃ-3m$:ﬂ=R ô#ò



ú®ð;æWê
 
æBòEý/éë[ì

ßÆú/îlëLìCi  wLi I[jL]>i=[ 1R
   5
î½ï[ðﬁñ òóêñ7ôìXõ'é[êWðñ¶òóîóé[ô ñ[ôë÷ø¿ù õ'é[êWðú®ßnñ7òóîlé[ôõ'é[ê
3

õWêTææìWú®êEõ'ñ¶ûæbü4é[è2ì
hj 3k	w0"!# ,4R>] n0 xR ,4R>]m\K(T-#IKALﬀ>BD$'1ﬂﬀﬃ-3"!#6wEF$'&ﬀﬃ/=!#6H1-3LING9LAL&<-[ﬂU!#ﬀﬃ/
σ
BD-WAﬁ$'6f(5ﬀ>p!#ﬀ>B{ﬁ6>ﬀﬃ/'ﬀ>
BD$'1-WA+}-3&8+.&<$:$JIKﬂ0ﬁ&M+}!3/:$lO"-=(Qﬂ=R ôò



yú/ð;æWê
 
æBòEý
 
ßú®îlëLì   Li[iJI [jL]%   1R
